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Method For Dete rminin g A Change In A V olumet ric Efficiency 
For An Internal Combustion Engine 

This invention relates to a method for determining a change in 
volumetric efficiency for an internal combustion engine. 

Unexamined German Patent DE 199 34 508 Al describes a 
method for controlling exhaust gas recirculation in which a setpoint 
exhaust gas recirculation quantity based on engine load, engine torque 
and atmospheric pressure is determined; an actual exhaust gas 
recirculation quantity and the opening and closing movements of a 
throttle valve are detected by sensors; and an exhaust gas recirculation 
control valve is operated as a function of the difference between the 
actual and setpoint exhaust gas recirculation quantity and a throttle 
valve opening signal as well as a throttle valve closing signal and the 
respective air pressure. The determination of the exhaust gas 
recirculation quantity by sensors is performed by differential pressure 
measurement by means of a differential pressure sensor at a throttle 
opening provided in a respective exhaust gas recirculation line. 

For use of exhaust gas recirculation regulation and/or control, it is 
necessary to know the actual exhaust gas recirculation quantity at 
every point in time, if possible, and/or the engine operating state and in 
particular with varying temperature and varying ambient air pressure 
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from the environment from which the fresh gas, i.e., fresh air for the 
internal combustion engine is usually obtained. If the actual exhaust 
gas recirculation quantity is known, the exhaust gas recirculation rate 
and/or the setpoint exhaust gas recirculation quantity may be regulated 
at a suitable setpoint exhaust gas recirculation quantity, i.e., rate. The 
fresh gas quantity fed into the combustion chamber(s) of the internal 
combustion engine can be measured by a hot-film air-mass meter or 
sensor (HFM) in a fresh gas intake manifold and/or intake tract. The 
total quantity of gas mixture fed into the combustion chamber(s) of the 
internal combustion engine during engine operation can be determined 
based on a reference gas mixture quantity determined in advance on a 
test stand, for example and/or based on a corresponding characteristic 
line and/or a corresponding engine characteristic map, taking account 
the prevailing pressure and the prevailing temperature in the intake 
tract. Alternatively, the quantity of gas mixture may also be calculated 
from the volumetric efficiency by using the ideal gas equation. The 
actual gas recirculation quantity can be determined by forming the 
difference between the quantity of gas mixture fed into the internal 
combustion engine and the quantity of fresh gas. This actual exhaust 
gas recirculation quantity can be regulated at a setpoint exhaust gas 
recirculation quantity by means of an exhaust gas recirculation 
regulating and/or control system. 

The volumetric efficiency is a measure of the fresh gaseous charge, 
i.e., gas quantity supplied to the internal combustion engine. 
Volumetric efficiency is defined as the ratio of the charge feed, i.e., the 
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quantity of gas supplied, to the theoretical charge and/or the quantity of 
gas theoretically feedable per operating cycle. Volumetric efficiency is 
thus the ratio of the total fresh charge supplied per operating cycle to 
the fresh charge in filling the geometric cubic capacity of the internal 
combustion engine with air and/or a mixture in the ambient state with 
the engine not supercharged and/or in the state downstream from a 
compressor and/or turbocharger or a charging air cooler in internal 
combustion engines with supercharging. For operation with exhaust gas 
recirculation, the volumetric efficiency is defined as the ratio of the total 
quantity of gas mixture supplied per operating cycle to the quantity of 
gas mixture in filling the geometric cubic capacity of the internal 
combustion engine with gas mixture in the state after admixture 
through the exhaust gas recirculation. 

The term "quantity" is used in the present case for the sake of 
simplicity to include a physical parameter indicative of quantity such as 
that used for the mass or quantity or flow rate of recirculated exhaust 
gas and/or gas mixture or fresh gas supplied to the internal combustion 
engine. Volumetric efficiency is also defined as the absorption capacity 
of an engine. 

Since the volumetric efficiency of the internal combustion engine 
is determined for measured values and/or by appropriate sensors, a 
change in volumetric efficiency can be attributed to a physical change 
and/or a false sensor signal. For example, if the reference level of a 
measurement, e.g., the zero point and/or a characteristic line of a sensor 
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and/or a measurement instrument changes over a longer period of time 
and without any apparent external influences, this is referred to as drift 
and/or a drifting sensor signal. A drifting sensor signal may be 
incorrectly interpreted as a change in volumetric efficiency due to 
physical causes. 

The object of this invention is to create a method of the most 
accurate possible determination of a change in volumetric efficiency. 
Another object of this invention is to create an application of the 
inventive method for determining the exhaust gas recirculation 
quantity for an internal combustion engine having exhaust gas 
recirculation. 

This object is achieved by the independent patent claims. 

In the inventive method, a reference volumetric efficiency is 
determined in advance. In addition, a first prevailing volumetric 
efficiency is determined from a first measured value and a second 
prevailing volumetric efficiency is determined from the second 
measured value. According to this invention, the first measured value is 
determined at a rotational speed at which a change in the flow losses in 
the intake tract has only a minor effect on the Volumetric efficiency. At 
this low rotational speed, changes in the flow losses have only a minor 
influence on the volumetric efficiency and consequently the recognized 
deviation from the reference volumetric efficiency in the first measured 
value corresponds mainly to a sensor error and/or an incorrectly 
detected signal. The second measured value is determined at a 
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rotational speed which is above the rotational speed for the first 
measured value and at which a change in the flow losses also has an 
effect on the volumetric efficiency. The recognized deviation from the 
reference volumetric efficiency of the second measured value thus 
includes a physical change as well as a change in the volumetric 
efficiency caused by a sensor error. A first and a second prevailing 
volumetric efficiency are determined from the measured values. 
According to this invention, the second prevailing volumetric efficiency 
is corrected by means of the first prevailing volumetric efficiency 
because this may include a sensor error which is given as its deviation 
from the reference volumetric efficiency. It is now possible to determine 
the physical change in volumetric efficiency for this second prevailing 
volumetric efficiency, now corrected, and the reference volumetric 
efficiency. 

The inventive method may be implemented to advantage in a 
control unit which is usually present and provided for in an internal 
combustion engine, i.e., in a motor vehicle. A higher precision of the 
calculated volumetric efficiency and/or the calculated change in 
volumetric efficiency can be achieved through the processing of the 
sensor signals. The high accuracy of the calculated volumetric efficiency 
leads to a more accurate and thus an improved regulation/control of the 
exhaust gas stirring quantity [sic; exhaust gas recirculation quantity] 
and the exhaust gas recirculation rate. Since sensor errors can be 
detected and taken into account, it is possible to use less expensive 
sensors and/or meters. 
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Other advantageous embodiments of this invention are derived 
from the subclaims and the exemplary embodiments presented below on 
the basis of the drawings. 

FIG 1 shows a schematic diagram of an internal combustion 
engine having an intake tract and an exhaust tract and 

FIG 2 shows a graphic plot of determination of measurement 
points for detecting a change in volumetric resistance. 

FIG 1 shows an internal combustion engine 1 having an intake 
tract 4 for a fresh gas and/or for air, an exhaust tract 5 and an exhaust 
gas recirculation 8 in which the exhaust gas recirculation rate/quantity 
is to be regulated and/or controlled. The actual exhaust gas 
recirculation quantity can be detected on the basis of a determination of 
a change in volumetric efficiency. A precise determination of the change 
in volumetric efficiency is thus possible advantageously. The inventive 
method is preferably used for determining the change in volumetric 
efficiency. 

The internal combustion engine 1 is coupled to a drive shaft 2 for 
the standard drive wheels on a motor vehicle. An exhaust gas 
turbocharger 3 is preferably provided in the intake tract 4 and in the 
exhaust tract 5. A compressor (not indicated further here) of the 
exhaust gas turbocharger 3 is provided in the intake tract 4 and an 
exhaust turbine of the exhaust gas turbocharger 3 is provided in the 
exhaust gas tract 5. Downstream from the compressor of the exhaust 
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gas turbocharger 3, a charging air cooler 7 is preferably provided in the 
intake tract 4. The exhaust tract 5 is connected to the intake tract 4 
downstream from the charging air cooler 9 via an exhaust gas 
recirculation system 8. Another cooler 9 and an exhaust gas 
recirculation valve 10 are preferably provided in the exhaust gas 
recirculation system 8, The exhaust gas recirculation valve 10 is 
preferably situated in the exhaust gas recirculation 8 downstream from 
the cooler 9. 

A gas mixture quantity mmix and a fuel quantity mtuei are supplied 
to the internal combustion engine. The quantity of gas mixture mmix is 
composed of a fresh gas quantity and/or an air quantity m a ir and a 
recirculated exhaust gas quantity hugr. The remaining exhaust gas 
quantity m ex haust is supplied to an exhaust system (not shown) via the 
exhaust gas turbine of the exhaust gas turbocharger 3. 

The fresh gas quantity m a ir is measured by a sensor 6, preferably a 
hot-film air-mass sensor (HMF) situated upstream from the compressor 
of the exhaust gas turbocharger 3 in the intake tract 4. Preferably 
another measurement point 11 is situated downstream from the 
charging air cooler 7 in the intake tract 4 so that the temperature and 
pressure of the fresh gas can be determined at this measurement point 
via corresponding sensors (not shown). 

With the exhaust gas stirring [sic; recirculation], closed the 
volumetric efficiency □ is obtained by calculation using the ideal gas 
equation mair d on the measurement point 11 as follows: 
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whereby the fresh gas quantity m a ir is known via the sensor 6 and 
the temperature T and the pressure p are known via other sensors (not 
shown) at the measurement point 11; R is the individual gas constant 
and Vh is the engine displacement. The above equation is also known as 
the volumetric efficiency equation. 

In the inventive method, a reference volumetric efficiency is 
determined in advance. This reference volumetric efficiency may be, for 
example, a description of the volumetric efficiency of a reference engine 
which is in the form of a characteristic line and/or an engine 
characteristic map and/or a simulation model which depends on a 
rotational speed and a load, where the load is preferably determined by 
an injection quantity. The reference volumetric efficiency is preferably 
determined experimentally and/or on an engine test stand before 
installing an internal combustion engine at its point of use, in 
particular in a motor vehicle. In determining the reference volumetric 
efficiency, the exhaust gas recirculation 8 is deactivated and the gas 
mixture quantity m m ix corresponds to the fresh gas quantity m a ir fed 
into the engine. 

With the inventive method, a change in volumetric efficiency in 
comparison with the reference volumetric efficiency can be determined 
as a function of the individual internal combustion engine and running 
time. This determination of the change in volumetric efficiency is 
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performed on the basis of any number of adaptive points and/or 
measurement points. At these measurement points, measured values, 
in particular the fresh gas mass m a ir, are determined and a prevailing 
volumetric efficiency is determined from each. The internal combustion 
engine is operated with deactivated exhaust gas recirculation and 
preferably in a steady state at a measurement point. 

In order to be able to differentiate whether the change in 
volumetric efficiency determined on the basis of the above equation is 
due to physical causes or a sensor error, the sensor error is determined 
in another process step. The following equation which is based on the 
Bernoulli equation shows the physical relationships in flow losses in a 
flow tube such as the intake tract 4. 

2 

where the change in the dynamic pressure and/or stagnation 
pressure Op is proportional to a change in the volumetric efficiency DO 
and a velocity v of the fresh gas quantity is proportional to a rotational 
speed n of the internal combustion engine. The constant C is a 
dimensionless resistance coefficient. The value 0 stands for the density 
of the fresh gas in the intake tract 4. The flow losses and/or the 
pressure drop caused thereby are proportional to the square of the 
engine rotational speed n according to the above equation, also known 
as the flow loss equation. Since the flow losses are also proportional to 
the change in volumetric efficiency, it follows from this that the change 
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in volumetric efficiency is also proportional to the square of the engine 
rotational speed n. 

In a first rotational speed range with low engine rotational speeds 
n, changes in the flow losses thus have only a minor effect on the 
volumetric efficiency. Therefore, a volumetric efficiency that is 
determined for a rotational speed n in the first rotational speed range 
and deviates from the reference volumetric efficiency can only be based 
on a sensor error because according to the prevailing laws of physics 
(see the flow loss equation) there should be only a negligible change in 
volumetric efficiency or ^ione at all. Since the sensor error is now 
known, it can be taken into account in the determination of changes in 
volumetric efficiency at higher rotational speeds. 

In the inventive method, the entire rotational speed range of the 
internal combustion engine is divided into a first rotational speed range 
and a second rotational speed range. For the first rotational speed 
range, it is assumed that a change in the flow losses in the intake tract 
4 will at most have only a minor effect on the volumetric efficiency. The 
second rotational speed range is above the first rotational speed range 
in terms of rotational speed. A first measured value is determined at a 
first measurement point, determined by a first rotational speed in the 
first rotational speed range and a first fuel quantity and/or a first 
torque. This measured value is the prevailing fresh gas quantity rriair 
from which a first prevailing volumetric efficiency is calculated by 
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means of a currently measured temperature and a currently measured 
pressure, e.g., at a measurement point 11 in FIG 1. 

FIG 2 shows a graphic plot of a determination of measurement 
points for detecting a change in volumetric efficiency in the form of an 
engine characteristic map plotted as a function of rotational speed n 
and torque M and/or fuel quantity mfuei. A limiting rotational speed niimit 
marks the transition from the first rotational speed range to the second 
rotational speed range by means of a line shown in bold running 
parallel to the ordinate. The dotted line in FIG 2 is a full-load curve. At 
the first measurement point starting from which the first prevailing 
volumetric efficiency is determined may be the measurement point Ml, 
for example, but may also be the measurement point LI. If the 
volumetric efficiency determined on the basis of these measurement 
points has changed in comparison with the reference volumetric 
efficiency, this change is classified as a change caused by a sensor error. 

In another process step, a second measured value is determined at 
a second measurement point M2 and/or L2 in the second rotational 
speed range. From the second measured value, a second prevailing 
volumetric efficiency is determined, taking into account a prevailing 
fresh gas mixture quantity iriair, a prevailing temperature and a 
prevailing pressure. A change in the second prevailing volumetric 
efficiency in comparison with the reference volumetric efficiency can be 
separated in this rotational speed range into a physical component and 
a component due to sensor error because the component due to a sensor 
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error is already known from the first measurement point Ml and/or Ll 
and the respective first prevailing volumetric efficiency. The second 
prevailing volumetric efficiency is corrected by taking into account the 
first prevailing volumetric efficiency thus determined. The second 
prevailing volumetric efficiency is thus corrected to account for the 
measurement error, i.e., sensor error and the change in volumetric 
efficiency is determined from the reference volumetric efficiency and the 
second prevailing volumetric efficiency (now corrected). 

The second measured value for the second prevailing volumetric 
efficiency is preferably obtained at a second measurement point at 
which the fresh gas quantity niair corresponds to the fresh gas quantity 
at the first measurement point. With reference to FIG 2, the 
measurement points Ml and M2 and/or Ll and L2 lie on a line of equal 
fresh gas quantities and/or air mass per pair of measurement points, 
characterized by the solid lines with a negative slope. These lines may 
also be referred to as isolines. To arrive at the second measurement 
point M2 from the first measurement point Ml, for example, one might 
imagine moving along the isoline of the same air mass m a ir assigned to 
this measurement point. On the basis of the existing description of the 
reference volumetric efficiency, e.g., in the form of an engine 
characteristic map, any other measurement points M3 and M4 may now 
be used at the same rotational speed as at the measurement point M2, 
starting from which corresponding changes in volumetric efficiency can 
be determined and by which they can be corrected to eliminate the 
sensor error known from the measurement point Ml because it is 
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possible to differentiate between sensor error and/or sensor deviation 
and change in volumetric efficiency. Starting from the prevailing 
volumetric efficiency at measurement point M2 it is possible to directly 
deduce the prevailing volumetric efficiency at measurement point M3 
and/or M4. This follows in particular from the fact that the load 
dependence of the volumetric efficiency is maintained, i.e., can be 
derived from the reference engine characteristic map and depends at 
most on the running time and type of engine. The sensor error and/or 
measurement error, namely the error determined at the measurement 
point Ml, can be taken into account to advantage in the determination 
of the volumetric efficiency corresponding to the measurement point 
M4; this can also be done at a measurement point M4 to which no first 
measurement point in the first rotational speed range can be assigned 
for determination of the sensor error, this point being on an isoline with 
the same fresh gas quantity mair as the measurement point M4. 

The measurement points can advantageously be approached in 
any order. Any number of measurement points is conceivable. For the 
determination of a change in volumetric efficiency at measurement 
points between individual measurement points for which measured 
values have already been determined, the corresponding measured 
values can be determined by interpolation. Measurement points Kl in 
the first rotational speed range that do not have a second measurement 
point on a common iso characteristic line of the same air mass m a i r in 
the second rotational speed range are preferably likewise taken into 
account in an interpolation calculation because no physical value of [sic; 
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contribution to] a change in volumetric efficiency is to be expected at 
the measurement point Kl. 

A measurement point N2 which is in the second rotational speed 
range and to which no corresponding measurement point that is on a 
common isoline with the same air mass new with the second 
measurement point N2 can be assigned in the first rotational speed 
range is preferably also taken into account in the interpolation and/or 
extrapolation calculations. This may take place because with a suitable 
choice of measurement points in the second rotational speed range 
which are each on common isolines with measurement points of the first 
rotational speed range, there are enough interpolation points for the 
calculation of a sensor error at a measurement point N2 so that any 
sensor errors can also be taken into account in^the case of a change in 
volumetric efficiency corresponding to the measurement point N2. With 
the measurement point M4, a sensor error is known at a high fresh air 
mass flow thus permitting calculation, in particular an extrapolation 
calculation, of the sensor error at a measurement point N2 in good 
approximation. Advantageously the determination of the change in 
volumetric resistance due to physical causes can also be performed in 
higher rotational speed ranges in this way. 

Operating conditions or ambient conditions such as altitude and 
ambient pressure are preferably taken into account in the 
determination of the change in volumetric efficiency. This may be taken 
into account by adapting the description of the reference volumetric 
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efficiency, preferably an engine characteristic map, to the altered 
conditions as a function of the operating conditions and/or ambient 
conditions. An adaptation may take place among other things by the 
fact that different reference volumetric efficiency descriptions are 
entered into a control unit for different operating and/or ambient 
conditions and it is possible to switch back and forth between these 
descriptions and/or perform a sliding interpolation between them as a 
function of the operating conditions and/or ambient conditions. 

Alternatively, the assignment of the measurement points Ml and 
M2 and/or Ll and L2 described here with preferably the same air mass 
under varying operating and/or ambient conditions, e.g., at varying 
altitudes, may take place in such a way that the position of the 
respective measurement point M2 and/or L2 is shifted with respect to 
the fuel quantity mfuei and/or torque M via a correction function which 
preferably depends on the ambient pressure. 

The inventive method may be used for determining an exhaust 
gas recirculation quantity for an internal combustion engine having 
exhaust gas recirculation. An updated reference volumetric efficiency 
can be determined here from an original reference volumetric efficiency 
and the change in volumetric efficiency determined by means of the 
inventive method. Then in turn a reference gas quantity can be 
determined from this updated reference volumetric efficiency. This 
reference gas quantity may then be used to determine a prevailing gas 
mixture quantity fed into the engine by means of a prevailing gas 
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mixture temperature and a prevailing gas mixture pressure which can 
be determined by appropriate measurements and/or calculations. The 
prevailing exhaust gas recirculation quantity can then be determined 
on the basis of the difference between the prevailing gas mixture 
quantity and a measured fresh gas fraction of the prevailing gas 
mixture. Alternatively or additionally, the prevailing gas mixture 
quantity may also be determined from a prevailing volumetric 
efficiency, the prevailing pressure and the prevailing temperature of the 
gas mixture. The prevailing volumetric efficiency is determined here on 
the basis of the prevailing change in volumetric efficiency determined 
by the inventive method and on the basis of a reference volumetric 
efficiency which is entered into a control unit in the form of an engine 
characteristic map, for example. 



